We report the result of our near-infrared survey of short-period variable stars (P < 60 d) in a field-of-view of 20 ′ × 30 ′ towards the Galactic Centre. Forty-five variables are discovered and we classify the variables based on their light curve shapes and other evidence. In addition to 3 classical Cepheids reported previously, we find 16 type II Cepheids, 24 eclipsing binaries, one pulsating star with P = 0.265 d (RR Lyr or δ Sct) and one Cepheid-like variable whose nature is uncertain. Eclipsing binaries are separated into the foreground objects and those significantly obscured by interstellar extinction. One of the reddened binaries contains an O-type supergiant and its light curve indicates an eccentric orbit. We discuss the nature and distribution of type II Cepheids as well as the distance to the Galactic Centre based on these Cepheids and other distance indicators. The estimates of R 0 (GC) we obtained based on photometric data agree with previous results obtained with kinematics of objects around the GC. Furthermore, our result gives a support to the reddening law obtained by Nishiyama and collaborators, A Ks /E(H − K s ) = 1.44, because a different reddening law would result in a rather different distance estimate.
ties at a given period differ by 1.5-2 mag (Sandage & Tammann 2006; Matsunaga, Feast & Soszyński, 2011a) . CCEPs are pulsating supergiants with periods typically between 3 and 50 d, evolved from intermediate-to high-mass stars (4-10 M⊙). On the other hand, T2Cs have similar periods to CCEPs, but are old and evolved from low-mass stars, ∼ 1 M⊙. T2Cs are conventionally subdivided into the BL Her and W Vir stars at periods less than 20 days and the RV Tau stars with greater periods. In addition, Soszyński et al. (2008b) identified peculiar W Vir stars which tend to be brighter than the PLR and to often show light curves with eclipsing or ellipsoidal modulation. There remain uncertainties in the properties and the evolution of T2Cs (see the discussion in Matsunaga et al. 2011a) .
A serious difficulty in studying the stars towards the GC lies in observing them beyond the severe interstellar extinction. The foreground extinction is not uniform and strong (around 2-3 mag in the K band, 2.2 µm). Thus, infrared observations are required in order to study stars in the GC region. In fact long-term infrared observations have made it possible to monitor stellar motions around the central black hole (Ghez et al. 2008; Gillessen et al. 2009 , and references therein). These and other data were used to search for variable stars in the few parsec (or smaller) region around Sgr A * (Tamura et al. 1996; Ott, Eckart & Genzel, 1999; Peeples, Stanek & DePoy, 2007; Rafelski et al. 2007 ). However, no Cepheids were found in these works.
We carried out near-IR observations to investigate stellar variability in the GC region. Our survey covered a much wider area, 20 ′ × 30 ′ , than the previous monitoring observations. A large number of long-period variables including Miras were found in the survey region (Matsunaga et al. 2009b , =Paper I), and we discovered three CCEPs, the first of this type in the GC region (Matsunaga et al. 2011b, =Paper II) . In the present paper we describe our data analysis and a catalogue of the short period variables in the field, and also discuss their nature as well as the distance to the GC.
OBSERVATION AND DATA REDUCTION
Observations were conducted using the IRSF 1.4 m telescope and the SIRIUS camera (Nagashima et al. 1999; Nagayama et al. 2003) which collects images in the J (1.25 µm), H (1.63 µm) and Ks (2.14 µm) bands, simultaneously. The observed field composed of 12 fields-of-view of IRSF/SIRIUS covered 20 ′ × 30 ′ around the GC (Table 1) . Observations at about 90 epochs were made between 2001 and 2008 of which the majority were obtained in 2005 and 2006 . We used this dataset in Paper I and II, and further observational details are found there. The basic data analysis was done in the same manner as in Paper I. In short, point-spread-function (PSF) fitting photometry was performed on every images using the IRAF/DAOPHOT package, and variable stars were searched for by combining the time-series sets of JHKs magnitudes. The standard deviations (SDs) were calculated for repeated measurements of individual stars. We then looked for variable stars with SD more than three times larger than the median value of SDs in the corresponding magnitude range. The variability search was done using the three band datasets independently, so that we could find variables even if they are visible only in one of the JHKs bands.
The saturation limits are 9.5, 9.5 and 9.0 mag, and the detection limits are around 16.4, 14.5 and 13.1 mag in J, H and Ks, respectively. The definition of these values is described in Paper I, Table 2 , was detected in the overlapping region of both fields. ‡ We do not include the duplicate detection in the neighbouring fields.
but the detection limits vary across the survey region depending on the crowdedness. Especially, the central region around Sgr A * is so crowded that the accuracy of our photometric measurements, with the typical seeing of ∼ 1 ′′ , is rather limited. The detection limit also changes from frame to frame depending on the weather condition. Therefore, the above limiting magnitudes should be considered only as typical values.
While we catalogued 1364 long-period variables in Paper I, variables with period shorter than 60 days are presented in this paper. Periods P were determined by fitting the following fourthorder Fourier series,
Ai cos(2πit/P + φi).
(1)
The light curves of Cepheids, which are our main targets, are known to be fitted by such Fourier series well (e.g. Laney & Stobie 1993) .
RESULTS

Detection of short-period variables
We detected 45 variable stars with period between 0.14 and 52.1 d. The number of the objects found in each field-of-view is indicated in Table 1. Table 2 lists their IDs, galactic coordinates, mean magnitudes, amplitudes and periods. The mean magnitudes are intensityscale means of maximum and minimum, and the amplitudes refer to peak-to-valley variations. The JHKs time-series data obtained for all the catalogued variables are compiled in one text file and each line includes the ID number, the modified Julian date (MJD) and the JHKs for each measurement. Table 3 shows the first 10 lines as a sample of the full version to be published online. Fig. 1 plots their folded light curves in the ascending order of period. Because the light curves of eclipsing variables are often nearly symmetrical, a fit of the Fourier series (eq. 1) tends to yield half the orbital period and this is listed in Table 2 except in the case of #30 whose light curve is significantly asymmetric. The orbital periods are used in Fig. 1 . We did not always detect the variables in all of the JHKs bands. Table 2 includes M flag which we also used in Paper I to show the reasons of non-detection or the qualities of the listed magnitudes. In this work, only the flag numbers 0, 3 and 7 are relevant. The flags 0 and 3 respectively indicate that a mean magnitude was obtained properly and that some measurements were affected by the detection limit leading to an uncertain mean magnitude. The flag 7 is newly defined to indicate that the photometry of the object is affected by the crowding. None of our objects was too bright, and none was located too close to the edge of the detector. The light curves in Fig. 1 indicates that the entire variations from minima to maxima were sampled well enough to estimate mean magnitudes except for the faintest cases.
As we see in Fig. 1 , our sample includes different types of variables. In order to determine the variable types, shapes of the light curves are discussed in Section 3.2. For CCEPs and T2Cs, as briefly discussed in Paper II, we also consider their absolute magnitudes and the expected distances (Section 3.3). In Section 3.4, we summarise the classification and compare some features among variable types. Table 2 ) are used. The ID, the variable type and the (rounded) period are indicated at the top of each panel as well as the name of filter (J, H or Ks) used in the plot. 
Shapes of the light curves
In order to give a quantitative description of the light curve shape, the parameters,
are considered for each light curve based on the fitted Fourier series (eq. 1). These parameters are listed in Table 4 . We also consider the above Fourier parameters for the variables in the Large Magellanic Cloud (LMC), found in the Optical Gravitational Lensing Experiment (OGLE-III), to compare with our objects. In (Soszyński et al. 2008b) , RR Lyr stars (Soszyński et al. 2009 ), and δ Sct stars (Poleski et al. 2010) . Among the δ Sct reported by Poleski et al. (2010) , single-mode stars without the uncertainty flag are used. Because they included only R21 and φ21, we calculated R31 and φ31 using their photometric data.
The OGLE-III light curves were taken in the I-band. The available light curves are rather limited in JHKs, but the result in Laney & Stobie (1993) suggests that, at least, J-band light curves are similar to the I-band ones for CCEPs. We plot the parameters for J-band light curves whenever possible for our objects. Those for H-band are used in other cases, but for the object with neither of J and H light curves the Ks-band parameters are considered.
The second column of Table 5 indicates the variability types judged by the light curve shapes.
In Fig. 2 filled circles in black indicate CCEPs and open circles indicate T2Cs. The two types of Cepheids in the LMC have reasonably different trends of the Fourier parameters against period. Thus they are useful for the classification, although there is a considerable scatter blurring the separation. The discrimination between the two types can be more robustly done with estimating their distances than solely based on the light curve shape (Section 3.3).
Plus symbols in Fig. 2 indicate eclipsing binaries. Their φ21 and φ31 values are mostly around 2π (or equivalently 0) indicating Fourier parameters (eq. 2-5) plotted against period. For eclipsing binaries except #30, half of the orbital periods are used. Black large symbols indicate our objects: filled circles for CCEPs, open circles for T2Cs, '+' symbols for binaries and triangles for others. The small dots indicate the OGLE-III variable stars of different types with different colours: red for CCEPs pulsating in the fundamental mode, pink for CCEPs in the overtone mode, blue for T2Cs in the fundamental mode, dark grey for RR Lyr stars in the fundamental mode, light grey for those in the overtone mode, and green for δ Sct stars. The Fourier parameters were obtained with the I-band light curves for the OGLE-III stars, while the light curve in the shortest wavelength available was used for each of our objects. their symmetric variations. Three objects (#1, #4 and #24) have φ31 values different from 2π, but the amplitudes of the third harmonics are too low. #23 (P = 3.26 d) also has the Fourier parameters unexpected for an eclipsing binary. This comes from the apparent difference of the levels outside the eclipsing phases, which however is caused by the photometric uncertainty due to the crowding effect. An eye inspection of its light curve suggests that this star is an eclipsing binary. Light curves of some binaries such as #1 and #21 look similar to those of overtone RR Lyr stars (RRc). However, their amplitudes are larger than the typical amplitudes of RRc, and furthermore do not show a decreasing trend with increasing wavelengths which is a common characteristics of pulsating variables.
Two other objects are indicated by triangles in Fig. 2 . #3 (P = 0.265 d) shows an asymmetric variation typical of pulsating stars. Also, its amplitude decreases with increasing wavelength, which is expected for a pulsating star. Its period is at the boundary between δ Sct stars and RR Lyrs in the overtone mode, and we cannot decide which groups the object belongs to (also see Section 3.4). We consider that #34 is a Cepheid but it is unclear to which Cepheid type the object belongs. The φ31 of #34 (P = 2.19 d) seems to favour the classification as a CCEP in the overtone mode, rather than T2Cs, but the R31 is much larger than expected. There is an object classified as an LMC anomalous Cepheid, OGLE-LMC-ACEP-047, which has the similar Fourier parameters (see fig. 9 in Soszyński et al. 2008b) , although that star itself shows a slightly different light curve from the majority of anomalous Cepheids.
Reddenings and distances to Cepheids
We can also make use of the difference between the absolute magnitudes of CCEPs and those of T2Cs for the classification. The estimated distances from the PLRs are very different depending on the assumed Cepheid population. Note that the period-colour relations are almost the same for both types so that a rough estimate of the reddening does not depend on the classification.
We use the PLRs calibrated with the LMC objects (Matsunaga, Feast & Menzies, 2009a) for T2Cs: J = −2.163(±0.044)(log P − 1.2) − 3.320(±0.029), (6) H = −2.316(±0.043)(log P − 1.2) − 3.720(±0.028), (7) Ks = −2.278(±0.047)(log P − 1.2) − 3.798(±0.029).
Here we assumed the LMC distance modulus to be 18.50 mag (Benedict et al. 2011; Feast 2012 ) and the foreground reddening EB−V to be 0.074 mag (Caldwell & Coulson 1985) . For the PLRs of CCEPs, we use the calibrating Cepheids with Hubble Space Telescope parallaxes (Benedict et al. 2007 ). The JHK magnitudes, on the SAAO system, listed in van Leeuwen et al. (2007) were converted onto the IRSF/SIRIUS system and further corrected for interstellar extinction and LutzKelker bias as given in van Leeuwen et al. (2007) . Thus we obtained a linear regression as follows, J = −3.060(±0.112)(log P − 1.3) − 6.219(±0.057), (9) H = −3.256(±0.116)(log P − 1.3) − 6.562(±0.060),
(10) Ks = −3.295(±0.121)(log P − 1.3) − 6.685(±0.062), with scatters of 0.09, 0.10 and 0.10 mag, respectively. We consider CCEPs only in the fundamental mode because none of the objects except a peculiar object (#34) has a light curve similar to those of the overtone pulsators. For each Cepheid candidate, the distance and extinction are tentatively derived using the PLRs of both types of Cepheid (Table 5). As we discussed in Paper I, an estimate of (µ0, AK s ) is possible with a pair of two-band photometry, and three estimates can be obtained with JHKs magnitudes. The reddening law in JHKs is taken from Nishiyama et al. (2006a) . The panel (a) of Fig. 3 compares the distances from the Sun assuming that the variables are CCEPs, D(I), with those assuming that they are T2Cs, D(II). For example, the objects with D(II) ∼ 8 kpc would be further than 20 kpc if assumed to be CCEPs. It is almost certain that such stars are T2Cs in the Galactic bulge rather than CCEPs far behind the GC, especially when their extinctions are not larger than the values expected at the distance of the GC.
In addition, there is a constraint on the distribution of T2Cs; they are concentrated to the Galactic bulge. Paper I showed that short-period Miras (P 350 d) found in the same survey are strongly concentrated to the distance of the GC (∼ 8.24 kpc) and also that they suffer from interstellar extinctions larger than ∼ 2 mag in Ks. One can assume as a first approximation that T2Cs are distributed in the same manner because such short-period Miras are considered to be as old as T2Cs. Panel (b) of Fig. 3 compares the Galactocentric distances under the two assumptions, RGC(I) and RGC(II) (here we assumed the GC distance is 8.24 kpc, Paper I). The bulk of the open circles are concentrated towards small RGC(II), but they would be significantly further than the GC if assumed to be CCEPs. The extinction AK s are estimated to be 2-2.5 mag for these objects, regardless of the Cepheid type. This is the approximate range of values expected for objects at the GC distance. Thus they are considered to be T2Cs in the Galactic bulge. Two objects with RGC(II) ∼ 4 kpc fall at the intermediate range in Fig. 3 (#19 and #33) . However, their small extinctions strongly suggest that they are relatively close T2Cs rather than CCEPs further than the GC. In contrast, three objects are found to be CCEPs as we reported in Paper II.
The periods of six T2Cs are longer than 20 d. From the work on the T2Cs in the Magellanic Clouds, it is known that such longperiod T2Cs show a large scatter in the period-magnitude diagrams and may be systematically brighter than the PLR obtained for the shorter-period T2Cs, BL Her and W Vir types (Matsunaga et al. 2009a ). The scatter, however, is not so large as to change the classification.
According to the variable type determined here, the distance moduli and extinctions are derived and listed in Table 6 . Mean estimates of the (µ0, AK s ), whenever available, are also listed in Table 6 and they are used in the following discussions. The estimates from the different pairs of filters agree reasonably well with each other, except the case of #2 (P = 7.46 d) whose photometry is uncertain due to the effect of crowding. Inconsistent AK s estimates from the JH and HKs pairs occur if the measured colours are not in accordance with the sum of the intrinsic colours and the reddening vector. Such inconsistency can happen when blue and red stars are merged in the line of sight (see the discussion in section 4.2 of Paper I).
The object #39 (P = 30.9 d) was detected only in the Ksband, so that the distance and extinction cannot be obtained. This star is much fainter than the three CCEPs in spite of the fact that the period is longer than theirs. If this star is a CCEP at the distance of the GC, the extinction AK s should be as large as 5.5 mag. In contrast, a T2C with AK s ∼ 2.8 would be consistent with the observed Ks magnitude and the faintness in J and H. We conclude that this star is a T2C in the Galactic bulge.
Summary of the classification
The previous subsections show that most of the variables can be reasonably classified. The adopted types are indicated in the last columns of Table 2 and 5. About half, 24, of the objects are classified as eclipsing binaries. Three are CCEPs and 16 are T2Cs. #3 is a pulsating star with a short period, 0.265 d, and falls in the period range between RR Lyr and δ Sct stars. The classification of #34 is uncertain. Fig. 4 shows colour-magnitude diagrams for our catalogued variables and the other sources we detected in the survey. Open circles indicate T2Cs. The foreground T2Cs, #19 and #33, are relatively blue and bright. The (J −H) colour of a faint T2C, #2, is blue but its photometry was affected by the crowding. The other T2Cs are reddened and lie on the broadened giant branch of the Galactic bulge. Three CCEPs indicated by filled circles are located close to each other on the colour-magnitude diagrams; they are significantly reddened but relatively bright.
Eclipsing binaries, plus symbols in Fig. 4 , are separated roughly into two groups, around the foreground main sequence or on the giant branch of the bulge. A few points exist in the intermediate colour range, #8, #36 and #41, but their colours are affected by the crowding (see their M flag in Table 2 ). The colours of the redder group suggest that they have large interstellar extinction and are thus distant and likely in the GC region. Excluding those affected by the crowding, this group includes #17, #21, #25, #27, #30, #37, #38, #42 and #43. They tend to have longer orbital periods than the bluer binaries. The brightest of the reddened binaries, #30 (P = 26.8 d), is of particular interest. It was reported as an O-type supergiant located near the GC (Mauerhan et al. 2010 ), but we find that it is a binary system. Furthermore, its asymmetric light curve suggests that the system has an eccentric orbit. Since the other reddened binaries may well be at the distance of the GC, they are also interesting objects for further study.
The triangle for #3 falls near the diagonal sequence of the red clump giants in the disk (Lucas et al. 2008) , where the RR Lyr and δ Sct stars in the foreground are roughly expected. On the other hand, #34 is highly reddened and relatively bright, although the images in the H and Ks bands indicate that the photometry may be affected by crowding. Its distance would be 3.6 kpc if it were an overtone CCEP, and the distance would be smaller otherwise. Therefore it is much closer than the GC, and yet the extinction is quite high, AK s ∼ 2 mag. These values may be subject to the uncertainty due to the crowding, but it would not change the conclusion that this object is in the foreground of the GC. The nature of the star remains to be investigated.
DISCUSSION
Samples of Type II Cepheids
Our catalogue includes 16 T2Cs; 14 are located in the bulge and two in the foreground (#19 and #33). In the following discussion, we consider 14 objects as our sample of T2Cs in the bulge unless otherwise mentioned. We found few T2Cs with short period (P < 5 d). In fact our survey was not deep enough to detect such objects. The PLR enables us to tell if the detection limit is deep enough to detect a Cepheid with a given period, foreground extinction and distance. Fig. 5 illustrates the range in the parameter plane of (log P, AK s ) where we should be able to detect T2Cs at the distance of the GC. For example, a T2C with log P = 1 could not be detected if the foreground extinction is larger than AK s = 2 mag. Considering that the majority of the objects near the GC are reddened more strongly, our survey is far from complete. In Fig. 5 , several of the detected T2Cs seem to be beyond the detection limit in the H band or even in the Ks band. This happens because the limiting magnitude depends on the crowdedness which varies within our survey region. Our survey region includes the extremely crowded region near Sgr A * and also sparse regions towards dark cloud lanes.
Recently, Soszyński et al. (2011) found a rich population of T2Cs in the outer bulge towards low-extinction regions away from the Galactic plane. We combined their catalogue with the 2MASS near-infrared catalogue (Skrutskie et al. 2006 ) with the tolerance radius of 1 arcsec. There are 156 BL Her, 128 W Vir and 51 RV Tau objects in the OGLE-III catalogue, and we found 97, 117 and 49 counterparts for the three types of T2Cs respectively (263 in total, Table 7 ). Because of their faintness, a significant fraction of the BL Her stars were not detected in 2MASS. In addition, the 2MASS catalogue indicates that photometric accuracies for quite a few objects are limited because of confusion or other reasons. Considering the quality flag, the blend flag and the confusion flag (Qflag, Bflag and Cflag in Table 7) , there remain 166, 138 and 138 measurements in the JHKs bands with good photometric quality. We discriminate these "good" magnitudes from the others below. In addition, we use the I-band light curves obtained by the OGLE-III survey to make phase corrections to convert the single-epoch 2MASS magnitudes into mean magnitudes. The same method was described and used in Matsunaga et al. (2009a Matsunaga et al. ( , 2011a . Table 7 lists the size of the correction, ∆ φ , which is to be added to the 2MASS magnitudes for each object. Some I-band light curves show a large scatter, and we do not apply the phase correction for those T2Cs (mainly RV Tau stars, with ∆ φ = 99.999 in Table 7 ).
Period distribution and surface density
The period distributions of our T2Cs and the OGLE-III sample are shown in Fig. 6 . Most of our sample have long periods (P > 10 d). This bias is caused by the detection limit of our survey as mentioned above. In contrast, with more than 300 T2Cs, the OGLE- Table 7 . 2MASS counterparts for the OGLE-III type II Cepheids in the bulge. The table lists the period P and the 2MASS JHKs magnitudes as well as the quality flags: Qflag=the photometric quality flag, Bflag=the blend flag, and Cflag=the confusion flag (Skrutskie et al. 2006 ). In the last column listed are the phase correction ∆ φ we obtained with the OGLE I-band light curves (see the text). This is the first 10 lines of the full catalogue which will be available in the online version of the article (see Supporting Information). III sample clearly shows the distinct groups of BL Her, W Vir, RV Tau stars. Such a feature is well seen in the T2C samples of the Magellanic Clouds but not in that of globular clusters (see fig. 5 in Matsunaga et al. 2011a ). In addition, there are significantly more W Vir stars than RV Tau stars and the periods of W Vir stars show a broad, or even two distinct, peak(s), both of which are similar to the case of the LMC T2Cs. The number of BL Her stars is even larger than W Vir stars, i.e. NWV/NBL = 0.82 ± 0.14 (error from Poisson noise). This ratio falls between the case of the LMC (1.25) and the SMC (0.6) given in Matsunaga et al. (2011a) . The reason for these variations in the T2C populations is presumably related to age and/or metallicity, but the lack of theoretical models for T2Cs prevents us from further discussion.
OGLE ID
It is of interest to examine the surface density of T2Cs in the bulge. We detected 11 T2Cs with P > 15 d, which leads to the density of 66 deg −2 considering the area of our survey towards the GC (1/6 deg −2 ). However, our survey was not complete even for the relatively long-period T2Cs because of thick dark nebulae (Fig. 5) , and the above density is an underestimate thus indicated by the arrow in Fig. 7 . For the outer bulge region, we obtained the surface density of T2Cs for each OGLE-III region. Fig. 7 plots the surface densities of the OGLE-III T2Cs with P > 15 d (filled circles) and all T2Cs (crosses) in each field against the angular distance from the GC. We consider only the fields in the range of |l| < 2
• and |b| < 4
• where the density is high enough. The profile in Fig. 7 shows, in effect, the variation along the minor axis. In addition, Fig. 8 shows a similar plot of the density profile for Miras. Matsunaga et al. (2011b) found 547 Miras with period determined in the same IRSF survey field, among which 251 objects have periods less than 350 d. Whilst the Miras have a broad range of age (from ∼ 10 Gyr to 1 Gyr or even younger), such short-period Miras are found in globular clusters (Frogel & Whitelock 1998 ) and considered to belong to the old stellar population. The number of the short-period Miras towards the GC field corresponds to a surface density of 2200 deg −2 . The surface densities for the outer region were obtained using the catalogue of the OGLE-II Miras compiled by Matsunaga, Fukushi & Nakada (2005) . In Fig. 8 , the density profile for the OGLE-II Miras is well represented by the exponential law, N ∼ exp(−0.24r). This exponential fits the OGLE-II points better than a de Voucouleurs law or a Sersic law, log N ∼ R 1/n , with n = 2. Note that the exponential and the de Voucouleurs law correspond to the Sersic law with n = 1 and n = 4 respectively. In contrast, the lower limit inferred by our sample is higher than the exponential law predicted by the OGLE-II Miras. This excess agrees with the idea that an additional population of Miras exist in the nuclear bulge, the disk-like system within ∼ 200 pc. Although the density profile for T2Cs is uncertain due to the small number, our result on the T2C distribution also suggests that the nuclear bulge holds an additional group of T2Cs in the central region.
The distance to the GC
There have been a considerable number of estimates of the distance to the Galactic Centre based on stellar distance indicators. Many of these rely on data from the general region of the Galactic bulge and may, to a greater or lesser degree, be affected by the bar-like and other structure of the bulge. In this section, we concentrate on data obtained in the areas close to the Centre which should be free of any such effects.
In view of the importance of reddening in this region we use a reddening free PLR in H and Ks,
where the coefficient is taken from the extinction law found by Nishiyama et al. (2006a) . As a preliminary we compare our T2C results with those from the OGLE-III survey in the general bulge. Fig. 9 plots W (HKs) against the period for both our sample and the OGLE-III sample with H and Ks magnitudes. Of our sample, 13 are indicated by the filled circles, whereas the crosses indicate two foreground stars (#19 and #33) and #2 with uncertain photometry. The grey symbols show the OGLE-III objects (filled circles for those with good H/Ks magnitudes and open circles for others). The linear relations drawn in the Fig. 9 are obtained with the T2Cs in globular clusters (filled line; Matsunaga et al. 2006 ) and those in the LMC (dashed line; Matsunaga et al. 2009a ) but with a shift considering the approximate distance moduli of the LMC (18.50 mag) and the bulge (14.50 mag). Most of our T2Cs except the crosses (#2, #19 and #33) lie close together with the samples of the OGLE-III catalogue in the vicinity of the GC, ∼ 8 kpc (Fig. 3) . In contrast, #26 (log P = 1.21) seems brighter than the relation for other stars. If it is a normal T2C it lies in the foreground of the bulge while it may be a peculiar W Vir stars brighter than regular W Vir stars. Several objects in the OGLE-III are also brighter than the others, and their nature needs to be investigated. We now concentrate on our T2Cs, which are in the vicinity of the GC, and whose periods fall within the range of W Vir stars. Previous work found that the PLRs of BL Her/RV Tau stars may be different between different galaxies (Matsunaga et al. 2009a (Matsunaga et al. , 2011a Soszyński et al. 2011 ), although we did not confirm significant deviation of our T2C samples from the PLR of those in globular clusters (Fig. 9) . We obtained the average modulus of µ0 = 14.38 ± 0.13 mag, based on 5 W Vir stars (5 P 20 d) excluding #26, under the assumption of µ0(LMC) = 18.50 mag. The errors in the above estimates account just for statistical errors, and we need to consider systematic uncertainties. Our estimates are affected by errors in the extinction law and the LMC distance as well as the possible population effect on the PLR. We adopt an uncertainty of 0.05 mag for the LMC modulus and 0.07 mag for the adopted reddening law as we did in Paper I for the GC Miras. The results of Matsunaga et al. (2006) and Matsunaga et al. (2011a) suggest that any population effect on the PLR of T2Cs (W Vir stars) is small. Nevertheless, to be conservative we adopt an uncertainty of 0.07 mag for this. Considering these errors and the above estimates, the current sample of T2Cs results in an estimate of the GC distance modulus to be 14.38 ± 0.17 mag. There is a further uncertainty due, as discussed above, to our detection limit. This might result in the modulus being slightly underestimated 1 . With the same survey data, we obtained the distances to Miras (Paper I) Figure 9 . The log P -W (HKs) relation for T2Cs in the bulge. Black filled circles indicate our T2Cs, but crosses indicate two foreground stars (#19 and #33) and #2 with uncertain photometric result. The stars in the OGLE III catalogue (Soszyński et al. 2011) are also plotted as the grey symbols, of which the open circles are used for the objects with uncertain 2MASS photometry or no phase correction applied (see text) and filled circles for the others. Dashed and filled relations plot the log P -W (HKs) relations for the LMC T2Cs (Matsunaga et al. 2009a) and those in globular clusters (Matsunaga et al. 2006) , respectively, but after the distance effect corrected assuming µ 0 (LMC)=18.50 mag and µ 0 (bulge)=14.50 mag.
and CCEPs (Paper II). Adopting µ0(LMC) = 18.50 mag, the average of the distances to Miras gives µ0(GC) = 14.63±0.11 mag. On the other hand, the calibration of CCEPs are based on the nearby calibrators and the average of the three distances leads to µ0(GC) = 14.49 ± 0.12 mag. The error budgets for these estimates are discussed in Papers I and II.
JHKs observations of red clump stars in the region around the Galactic Centre were obtained by Nishiyama et al. (2006b) using the IRSF/SIRIUS. Recently, Laney, Joner & Pietrzyński (2012) obtained new high-precision JHKs magnitudes of red clump giants with the Hipparcos parallaxes, which gives a new calibration of the red clump. Nishiyama et al. (2006b) adopted (H − Ks)0 = 0.07 and Ks = −1.59 from theoretical isochrones by (Bonatto, Bica & Girardi, 2004) , whereas Laney et al. (2012) obtained (H − Ks)0 = 0.123 and Ks = −1.613. Using this new calibration leads to µ0(GC) = 14.53 ± 0.10 mag, that is 8.05 ± 0.37 kpc, without any population effect taken into account. There is a large scatter in metallicities of red clump giants in the bulge and the median metallicity seems slightly higher than the solar abundance (Hill et al. 2011) . The error, adopted from Nishiyama et al. (2006b) , includes and is affected by the uncertainty of a possible population effect.
These estimates based on near-IR data of stellar distance indicators in areas close to the Centre are compared with the results from kinematic methods in Fig. 10 . These latter methods are: the Kepler rotation of the star S2 around Sgr A * (Gillessen et al. 2009 ), the statistical parallax method applied to the central stellar cluster (Trippe et al. 2008 ) and the parallax of Sgr B (Reid et al. 2009 ). The photometric and kinematic determinations are in satisfactory agreement and indicate a value of R0, close to 8.0 kpc. The uncertainty in the reddening law is the dominant remaining error for the photometric distances discussed here. Thus the agreement of the photometric and kinematic results lends support to the reddening law of Nishiyama et al. (2006a) . For a typical value of EH−K s = 1.8, for instance, the Nishiyama value of AK s is 2.5 mag whereas the Rieke & Lebofsky (1985) law gives 3.2 mag and would lead to an unacceptably small value of R0(GC).
SUMMARY
Through our near-IR survey of stellar variability towards the GC, 45 short-period variables have been discovered. Their light curves are investigated to determine the variable types, and for the Cepheid candidates their distances and foreground extinctions are also considered based on the PLRs. Most of the objects are reasonably classified: three CCEPs, 16 T2Cs, 24 eclipsing binaries, and two others. The numbers of T2Cs and short-period Miras in our survey region are higher than the surface density following the exponential law which fits the distribution of T2Cs and Miras in the outer bulge. This strongly suggests that the nuclear bulge hosts a significant population of old stars ( 10 Gyr). We also discuss the distance to the Galactic Centre based on stellar distance indicators in the central region. These are insensitive to problems associated with the three dimensional structure of the bulge which may affect other determinations. Our main result is close to 8 kpc and agrees well with kinematic estimates. Since the photometric results are rather sensitive to the infrared reddening law, the result give support to the reddening law of Nishiyama et al. (2006a) which we adopted.
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